Abstract: A novel handheld pseudo random coded ultra-wideband (UWB) radar for human sensing applications is presented in this paper. In order to reduce the size of the radar and obtain good penetrability, the center frequency of the m-sequence is assigned to about 1.1 GHz. The peak voltage of the m-sequence is 4.5 Vpp, while the length of the m-sequence can be chosen to obtain different signal-to-noise ratio (SNR). The digital transmitter, the dual-channel receiver and the clock synchronization are discussed in detail. The experimental results show that the proposed handheld pseudo random UWB radar has good detection performance for human sensing applications in complex environment.
Introduction
Pseudo random coded ultra-wideband (UWB) radar has been applied to ground penetrating radar and through-the wall imaging due to its high signal-to-noise ratio (SNR) and high range resolution [1, 2] . The UWB radar with a bandwidth of several GHz has a perfect range resolution in through-the-wall tracking and life detection [3, 4] . However, its detection performance is limited by the high frequency due to the large attenuation. The UWB radar with 400 MHz bandwidth has been widely applied to life detection due to its better penetrability [5, 6, 7] , but the size of it should be optimized for convenience. Taking high range resolution, good penetrability and the small size of radar system into account, the center frequency of the transmit signal is assigned to about 1.1 GHz in this work, and its bandwidth is more than 1.1 GHz. In order to obtain high center frequency, the msequence modulated with impulse has been chosen as the transmit signal, while the length of m-sequence can be chosen to obtain high SNR. The digital transmitter, the dual-channel receiver and clock synchronization module are discussed in detail. Three experiments are carried out in through-the-wall situation and through-thefloors situation to validate the detection performance of the proposed hand-held pseudo random coded UWB radar.
Design of pseudo random coded UWB radar
The proposed pseudo random coded UWB radar consists of a pair of bow-tie antennas, a digital transmit, a dual-channel receiver and a clock synchronization module, which is shown in Fig. 1 . In this work, the signal generator for the digital pseudo random coded signal, main controller and pulse compression are implemented with a single Xilinx Virtex-5 FPGA, and an embedded processor MicroBlaze has been generated to control the WiFi module to communicate with the personal digital assistant (PDA). 
Transmitter
To improve the center frequency of the transmit signal and reduce the size of radar, m-sequence are modulated by impulse with a 0.833 ns width, so as to that the center frequency is about 1.1 GHz. The value "1" of the m-sequence represents a single positive impulse, while the value "0" of the m-sequence represents a single negative impulse. Several m-sequences with different length and the samples of the two impulses are stored into some ROMs in FPGA to reduce the requirement of the memory. According to the commands from the PDA, several m-sequences with different number of chips can be generated by the digital transmitter to obtain different SNR.
As shown in Fig. 1 , the signal generator produces the digital m-sequence modulated by the impulse, which is sent to the DAC to generate the analog modulated m-sequence. The modulated m-sequence is sent into the low pass filter (LPF) to filter out the unwanted high-frequency components. Next, the filtered msequence is divided into two same signals by the power splitter. One way is sent to the first receiving channel to obtain the transmit signal as the reference codes for pulse compression in FPGA, the other way is amplified by the power amplifier (PA) and fed to the transmitting antenna.
The detailed blocks of the signal generator is shown in Fig. 2 , the look-up table sets up the length of different m-sequences with the responding m-sequence. According to the command from the PDA, the responding m-sequence can be chosen by the look-up table to through the first multiplexer (MUX). Next, when the value of the chosen m-sequence is "1", the samples of the positive impulse are enabled to through the second MUX to achieve the DAC. When the value of the chosen m-sequence is "0", the samples of the negative impulse are enabled to through the second MUX to achieve the DAC. As a result, the different msequences with different length can be produced by the signal generator, and the requirement of storage has been reduced greatly.
To obtain the modulated m-sequence with about 1.1 GHz center frequency, the clock of the FPGA and the sampling clock of the DAC are set to 225 MHz and 3.6 GHz, respectively, and the on-chip parallel-to-serial converter in the FPGA have been used to achieve the high-speed data stream for the DAC. The waveform and the frequency components of the modulated m-sequence are shown in Fig. 3 . 
The dual-channel receiver
In order to obtain the impulse response function of the detection scenarios, pulse compression should be performed between the radar echo and responding reference signal. In this work, the receiver has two receiving channels with the same equivalent-time sampling interval, one receiving channel is used to real-time obtain the modulated m-sequence from the transmitter as the reference signal, and the other is to receive the radar echo. The equivalent-time sampling technique is used in this receiver to reduce the cost of radar and improve the spurious-free dynamic range (SFDR). Two 12-bit commercial ADCs with a maximal sampling rate of 400 Mbps and a full power bandwidth of 2.3 GHz are used in receiver. Meanwhile, two Micrel's SY89297U programmable delay lines, which can achieve a maximal delay of 5 ns with 5 ps fine increments, are used to provide a fine delay to the ADC sampling clock.
As shown in Fig. 1 , to obtain the reference signal for pulse compression, the modulated m-sequence from the power splitter is sent to the LPF to remove the unwanted noise. Next, the filtered modulated m-sequence is sampled by the first equivalent-time sampler with 40 ps equivalent-time sampling interval at 225 MHz real-time sampling clock. The sampled modulated m-sequence is stored into the onchip RAMs of FPGA. Meanwhile, the radar echo collected by the receiving antenna is initially sent to a LPF to filter out the unwanted high-frequency components. Next, the filtered echo is amplified by the low noise amplifier (LNA) with 21 dB gain. Lastly, the amplified echo is then sampled by the second equivalent-time sampler with the same equivalent-time sampling interval. The sampled radar echo is stored into the RAMs of FPGA. At last, the pulse compression is performed with the on-chip DSP48E slices of FPGA.
The timing of the equivalent-time sampler is shown in Fig. 4 . The equivalenttime sampling interval and the period of the ADC-clock are 40 ps and 4.44 ns, respectively, thus it needs 111 groups of real-time sampling to obtain an entire radar echo. The equivalent-time sampling is carried out in the following manner: 1) keep the delay value of the delay line to be 0 ps and transmit the modulated m-sequence, while the ADC obtains a groups of samples from the reference signal or radar echo at the 225 MHz sampling clock during the first pulse repetition period (PRP). 2) Set the delay value of the delay line to be 40 ps and transmit the modulated m-sequence again, while the ADC can obtain the second group of samples from the reference 
Clock synchronization module
In order to enable all the above subsystems, a 3.6 GHz clock and three 225 MHz clocks synchronized with the 3.6 GHz clock should be generated. As shown in Fig. 1 , one 50 MHz oscillator is distributed to ADI's wideband frequency synthesizer ADF4350 as the reference clock. A 3.6 GHz clock can be produced by ADF4350 under the control of FPGA. Then the 3.6 GHz clock is through a fanout chip to generate two identical 3.6 GHz clocks. The first 3.6 GHz clock is distributed to the high-speed DAC in digital transmitter as the sampling clock. The second 3.6 GHz clock is through a clock divider and divided by 16 to 225 MHz. Next, the 225 MHz clock through another fan-out chip to generate three identical 225 MHz clocks. One of them is used as the main clock of the FPGA, and another two 225 MHz clocks are sent to the two equivalent-time samplers as the sampling clocks of ADCs. As above discussed, the main parameters of the proposed handheld pseudo random coded UWB radar are listed in Table I , and the entire UWB radar is packaged in a 24 cm Â 14 cm Â 8 cm plastic box. 
Experiments and results
Three sets of the experimental results are presented in this section, where modulated m-sequence with 4095 chips was chosen as the transmit signal. First, the capability of human sensing, like the movement or the respiratory motion of the human object, is validated in the through-wall situation, which is shown in Fig. 5(a) . The radar echo was acquired with a male volunteer performing as the test human object moving behind the wall, and the thickness of the wall is 24 cm. The range profile after background removal is shown in Fig. 5(b) , where the direct wave and strong returned signals from the wall are cleared to make the small returned signal can be seen easily. The range profile indicates that the human object walked away from the radar at 0-14 s and then moved backward at 15-26 s. The returned signal from the human object located at more than 17 m is too weak to be sensed. Meanwhile, it can be seen that the radar cross-section (RCS) of the back side of the human object is larger than that of the front side of the human object. Second, the radar echo was received when the human object stood still at 12 m from the wall. The range profile after the respiratory detection method in [7] is presented in Fig. 6(a) , where the quasi-periodic signal of the respiratory motion of the human object is visible, and much non-periodic strong clutter is present in the range profile. According to the respiration detection method [7] , the respiration frequency of the human object can be extracted from the mass of non-periodic clutter by performing fast Fourier transform (FFT) along the slow-time coordinate. The result range profile with respiration frequency is shown in Fig. 6(b) , which indicates that the respiratory frequency and the range of the human object from the radar are 0.32 Hz and 12 m, respectively. Third, the performance of life detection is validated in the through-the-floors situation, which is shown in Fig. 7(a) . The radar was placed on the surface of the fourth floor of our working building, and the human object lied on the second floor. The thickness of each floor is 37 cm and the distance between the two floors is 3.68 m. The range profile after the respiratory detection method [7] is presented in Fig. 7(b) , which indicates that the respiratory frequency and the range of the human object are 0.3 Hz and 7.9 m, respectively.
Conclusion
This paper presents a novel handheld pseudo random coded ultra-wideband (UWB) radar for human sensing applications. The high-speed DAC, high-speed ADCs and FPGA could reduce the size of the electronic subsystem of the radar, while the center frequency of 1.1 GHz chooses the antennas with appropriate size. The three experiments show that the proposed handheld pseudo random coded UWB radar has good detection performance in human sensing applications. Additionally, the modulated m-sequence with more chips can be chosen to improve the SNR in more complicated detection environment. Further, some high-speed ADCs with higher resolution can be used to optimize the detection performance.
